I N T R O D U C T I O N
Excitation-contraction coupling is the process that facilitates Ca 2+ release from the SR of cardiac or skeletal muscle fibers after electrical excitation of the surface/ transverse (t-) tubule membrane (Tanabe et al., 1988; Bers, 2002) . During this process, the release of Ca 2+ from the SR is caused by the activation of the Ca 2+ release channel/ryanodine receptors (RyRs), which form homotetrameric assemblies and constitute the largest ion channels known to date, with molecular masses of ∼2.2 MD and each monomer consisting of ∼5,000 amino acid residues (Lai et al., 1988; Yuchi et al., 2012) . In mammals, RyRs are expressed in three different forms, which help them gain the functional flexibility to respond to different triggering signals: RyR1 (Takeshima et al., 1989 ) is predominantly expressed in fast-and slow-twitch skeletal muscle and in cerebellar Purkinje cells; RyR2 (Nakai et al., 1990 ) is found in cardiac muscle but is also robustly expressed in brain and in visceral and arterial smooth muscle; RyR3 (Hakamata et al., 1992 ) is the least understood of the RyR isoforms and appears to play its most important role during development, although in mature cells is found in diaphragm, epithelial cells, brain, and smooth muscle (Fill and Copello, 2002) . Structurally, the RyR channel is the center of a massive macromolecular complex whose function is modulated by secondary messengers (Ca 2+ , Mg 2+ , ATP) and accessory proteins (e.g., calmodulin, FK506-binding protein, sorcin, triadin, junctin, calsequestrin; Bers, 2004; Ather et al., 2013) .
Exogenous chemicals and peptides binding to RyRs and modulating their activities have become invaluable tools for the structural and functional profiling of RyRs as well as the development of new drugs for RyR-associated diseases. The plant alkaloid ryanodine, for which this receptor was named, binds RyRs preferentially in the open state (Sutko et al., 1997) , which allows experimenters to use [ Calcins are a novel family of scorpion peptides that bind with high affinity to ryanodine receptors (RyRs) and increase their activity by inducing subconductance states. Here, we provide a comprehensive analysis of the structure-function relationships of the eight calcins known to date, based on their primary sequence, three-dimensional modeling, and functional effects on skeletal RyRs (RyR1). Primary sequence alignment and evolutionary analysis show high similarity among all calcins (≥78.8% identity). Other common characteristics include an inhibitor cysteine knot (ICK) motif stabilized by three pairs of disulfide bridges and a dipole moment (DM) formed by positively charged residues clustering on one side of the molecule and neutral and negatively charged residues segregating on the opposite side. ]ryanodine binding curve with variable effects on the affinity constants for Ca 2+ activation and inactivation. In single channel recordings, calcins induce the appearance of a subconductance state in RyR1 that has a unique fractional value (∼20% to ∼60% of the full conductance state) but bears no relationship to binding affinity, DM, or capacity to stimulate Ca 2+ release. Except for urocalcin, all calcins at 100 nM concentration stimulate Ca 2+ release and deplete Ca 2+ load from skeletal sarcoplasmic reticulum. The natural variation within the calcin family of peptides offers a diversified set of highaffinity ligands with the capacity to modulate RyRs with high dynamic range and potency.
Structure-function relationships of peptides forming the calcin family of ryanodine receptor ligands
Liang Xiao, 1, 3 the channel. Ryanodine was instrumental in the isolation of the RyR1 and RyR2 channels and continues to aid in the characterization of key pharmacologic properties of RyRs, although some undesirable features like concentration-dependent biphasic effects, slow association and dissociation rate (which make its effect practically irreversible), loss of affinity upon derivatization, etc. hamper its use in cellular and biochemical settings. Caffeine is another classical ligand of RyRs with low affinity (K d ∼300 µM) that is widely used to assess the presence and size of RyR-gated Ca 2+ stores by increasing the sensitivity of RyR channels to both cytosolic and luminal Ca 2+ (Rousseau and Meissner, 1989; Kong et al., 2008) and eliciting Ca 2+ release. Other ligands like doxorubicin (Abramson et al., 1988) , tetracaine (Curran et al., 2007) , ruthenium red (Lukyanenko et al., 2000) , K201 (Wehrens et al., 2004) , and carvedilol (Zhou et al., 2011) bind to and modulate the activity of RyRs, helping to "tame" their activity in pathological settings (Valdivia, 2014) .
Except for ryanodine at low concentrations, all of the aforementioned ligands of RyRs exhibit off-target effects. In search of novel ligands of RyRs with high affinity and specificity, we found in the venom of selected scorpions peptides that selectively mobilize Ca 2+ from RyR-gated stores. Imperatoxin A (from the scorpion Pandinus imperator) is a small (3.7-kD) , highly basic (pI 8.9), globular, and thermostable peptide that activates RyRs with high affinity (K d ≈ 5-10 nM) and specificity (no other target proteins known to date; Valdivia et al., 1992; El-Hayek et al., 1995; Zamudio et al., 1997; Nabhani et al., 2002) . Imperatoxin A spawned the discovery of calcins, a small but growing group of scorpion peptide agonists of RyRs, and to conform to its structural and functional characteristics, we hereby rename it imperacalcin, which also avoids confusion with other scorpion toxin blockers of ion channels. The defining functional feature of calcins is their capacity to stabilize RyR openings in a long-lasting, subconductance state (Tripathy et al., 1998) . This effect is nearly analogous to that of ryanodine, but unlike ryanodine, calcins bind rapidly to RyRs (fast association rate), freely dissociate from their binding site (reversible effect), display a dose-and sequence-variable effect, and are amenable for derivatization without undergoing major loss in receptor affinity (El-Hayek et al., 1995; Samsó et al., 1999; Shtifman et al., 2000; Dulhunty et al., 2004; Gurrola et al., 2010) . As a native family of intracellular RyR ligands, calcins are also appealing by their capacity to penetrate cell membranes with high efficiency, resulting in extremely rapid effects (lag time 2-3 s) on intracellular Ca 2+ signaling, as indicated by an acute increase in the amplitude of the [Ca 2+ ] i transient, indicative of enhanced Ca 2+ release from the SR (Schwartz et al., 2009; Gurrola et al., 2010) . Moreover, calcins are capable of carrying large, membrane-impermeable cargo across the plasma membrane, a finding with exciting implications for intracellular drug delivery Boisseau et al., 2006) , particularly in the treatment of RyR channelopathies (Benkusky et al., 2004) .
Despite the importance of calcins as selective, high-affinity membrane-permeable ligands of RyRs, key structural features of this family of scorpion peptides remain unclear, and there are no studies to date that have systematically investigated the role of their structural domains in relation to RyR affinity and single RyR channel effects. Here we present all native calcins known to date, including four previously reported (imperacalcin, maurocalcin, hemicalcin, and hadrucalcin), three previously uncharacterized (opicalcin 1 , opicalcin 2 , and urocalcin), and one novel (vejocalcin) peptides, and provide a comprehensive analysis of their structure-function relationship based on primary sequence examination, physicochemical characterization, three-dimensional structure modeling, and their functional effects on RyR1 channels using [ 3 H]ryanodine binding, single channel recordings, and Ca 2+ release from SR vesicles. Natural variations in the calcin family of peptides offer a diversified set of RyR ligands with the capacity to modulate RyR channels with variable potency and high dynamic range.
M AT E R I A L S A N D M E T H O D S

Animals
Animal care and handling conformed to the Guide for Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH publication no. 85-23, revised 1996) , and experimental protocols were approved by the local institutional ethical committee. The New Zealand White rabbits used in this study were maintained in environmentally controlled rooms with 12-h light/dark cycles and adequate food and water, where they was assessed daily for wellbeing by trained veterinary personnel. Back and leg skeletal muscle was obtained after intraperitoneal injection of 100 mg/kg pentobarbital. Adequacy of anesthesia was assessed by pedal reflex and evaluation of jaw and muscle tone before proceeding with surgery (Schwartz et al., 2009 ).
Venom source and purification procedures for vejocalcin
Venom from Vaejovis mexicanus (Scorpiones: Vaejovidae) for vejocalcin was obtained in the laboratory by electrical stimulation (15-25 V, 3 ms) in the articulation of the telson (last post-abdominal segment). Scorpions were milked using a Grass stimulator. The venom was collected in Eppendorf LoBind tubes and, when needed, dissolved in double-distilled water and then centrifuged at 14,000 g for 15 min at 4°C. The soluble supernatant was either lyophilized or stored at −20°C and later separated by HPLC essentially as described previously (Schwartz et al., 2006) . In brief, whole venom was injected into a C18 reverse-phase semi-preparative column (Vydac) and separated by using a linear gradient from solvent A (0.12% trifluoroacetic acid [TFA] in water) to 60% solvent B (0.10% TFA in acetonitrile) run for 60 min at a flow rate of 1 ml·min −1
. The fractions of interest from several independent runs were pooled and further purified on a C18 reverse-phase analytic column (Vydac) to obtain vejocalcin in homogeneous form, as shown by mass spectrometry analysis and amino acid sequencing.
Amino acid sequence determination and mass spectrometry analysis
The amino acid sequence of vejocalcin was obtained by automatic Edman degradation in an LF 3000 Protein Sequencer (Beckman Coulter) using the chemicals and procedures previously described for other peptides of scorpion venom (Schwartz et al., 2006) . The molecular mass of vejocalcin was obtained by mass spectrometer analysis, using an LCQ Duo (Finnigan), also as described previously (Schwartz et al., 2006) .
Chemical synthesis, folding, and purification of calcins
Calcins were synthesized by an automated peptide synthesizer (Applied Biosystems model 432A) as described previously (Zamudio et al., 1997; Seo et al., 2011) . In brief, a linear analogue of calcin (imperacalcin, for example) was synthesized by the solid-phase methodology with Fmoc-amino acids. After cleavage with 90% TFA for 4 h at room temperature, the crude linear peptide was extracted with 5% acetic acid and dried by vacuum centrifugation. The cyclization reaction to form disulfide bonds in the molecule was performed in the folding buffer (20 mM Na 2 HPO 4 + 0.1 M NaCl + 5 mM GSH + 0.5 mM GSSG). After pH adjustment to 7.9 with 1 M NaOH, the reaction mixture was allowed to oxidize at room temperature for 4 h. After oxidation of the disulfide bonds, the peptide solution was acidified with formic acid to pH 3.0 and pumped onto a C18 column. The sample was eluted with a linear gradient from 0 to 60% B in 60 min (buffer A = H 2 O containing 0.12% TFA, and buffer B = acetonitrile containing 0.1% TFA). Finally, the resulting peptide was analyzed by mass spectrometry and amino acid sequence. Peptide purity was >98% for all calcins.
Rabbit skeletal heavy SR preparation
Heavy SR vesicles were purified from rabbit white back and leg skeletal muscle, as described previously (Meissner, 1984; Dyck et al., 1987) . Protein concentration was measured by the Bradford method. Gurrola et al., 1999; Schwartz et al., 2009) . In brief, calcins were diluted directly into the incubation medium (0.2 M KCl, 10 µM CaCl 2 , and 10 mM Na-HEP ES, pH 7.2) to achieve a final concentration of 1 pM to 20 µM, as indicated in graphs. ; PerkinElmer) was diluted directly in the incubation medium to a final concentration of 5 nM. Protein concentration of heavy SR was 0.3 mg·ml −1 and was determined by the Bradford method. Incubation lasted 120 min at 36°C. 100-µl samples were always run in duplicate, filtered on GF/C glass filters (Whatman) and washed twice with 5 ml of distilled water using an M24-R cell harvester (Brandel). Nonspecific binding was determined in the presence of 20 µM unlabeled ryanodine, reached no more than 5-10% of the total binding, and was subtracted from each sample.
Single channel recordings
Single channel recordings of rabbit skeletal RyR1 incorporated into planar lipid bilayers were performed as described previously (Schwartz et al., 2009) . Planar lipid bilayers, composed of phosphatidylethanolamine (Avanti Polar Lipids, Inc.) and phosphatidylserine (Avanti Polar Lipids, Inc.; 1:1), were painted with a glass rod across an aperture of 150-µm diameter in a Delrin cup. The cis chamber represented the cytosolic side, which was held at virtual ground and contained the reference electrode. The trans chamber corresponded to the luminal side and contained the voltage command electrode. Electrodes were connected to the head stage of a 200A Axopatch amplifier. Both the cis (0.7 ml) and trans (0.7 ml) chambers were filled with 300 mM caesium methanesulphonate and 20 mM MOPS, pH 7.2. Cs + was selected as the charge carrier to increase the channel conductance and to avoid any contribution from potassium channels present in the SR membrane. Chloride channels were inhibited by using the impermeant anion methanesulfonate. Contaminant Ca 2+ , determined by a Ca 2+ electrode, was ≈5 µM and served to activate RyR1 channels. were added to the cis chamber. Channel recordings were collected at different holding potentials (40 mV) before and after the addition of calcins. Single channel recordings were filtered with an 8-pole low-pass Bessel filter set at 2 kHz and digitized at a rate of 4 kHz by using a Digidata 1440A AD/DA interface. Data acquisition and analysis were performed with Axon Instruments hardware and software (pCLA MP 10) and graphed by using Microcal Inc. Origin 9.0.
SR Ca
2+ release measurements Ca 2+ release from heavy SR was measured using the Ca 2+ -sensitive dye Arsenazo III (Sigma-Aldrich), modified as previously described Chen et al., 2003) . In brief, the absorbance was monitored at 650 nm by a compact UV-visible spectrophotometer (BioPhotometer Plus; Eppendorf). Heavy SR vesicles (20 µg) were actively loaded with Ca 2+ at room temperature in a 1-ml basal buffer containing 100 mM KCl, 7.5 mM sodium pyrophosphate, and 20 mM MOPS, pH 7.0, supplemented with 25 µM Arsenazo III, 1 mM ATP/MgCl 2 (Sigma-Aldrich), 5 mM creatine phosphate disodium salt tetrahydrate (ICN Biomedicals Inc.), and 12 µg/ml creatine phosphokinase (porcine heart; EMD Millipore). Ca 2+ loading was started by consecutive additions of 50 nmol twice and 20 nmol thrice of CaCl 2 before the addition of calcins. The total [Ca 2+ ] loaded into the SR was quantified by the addition of the Ca 2+ ionophore A23187 (5 µM), and the absorbance was converted to nmol [Ca 2+ ] by a standard curve generated by sequential additions of CaCl 2 (10-20 µM).
Bioinformatics
Five calcin sequences (mature peptide and/or precursors), namely opicalcin 1 (P60252; Zhu et al., 2003) , opicalcin 2 (P60253; Zhu et al., 2003) , maurocalcin (P60254; Fajloun et al., 2000) , hadrucalcin (B8QG00; Schwartz et al., 2009) , and urocalcin (AGA82762; Luna-Ramírez et al., 2013) , were obtained by similarity with imperacalcin (formerly imperatoxin A; P59868; Zamudio et al., 1997) with BLA ST search. The exact mature sequences were further confirmed from their original papers. The sequence of hemicalcin was obtained from the corresponding paper (Shahbazzadeh et al., 2007) . Vejocalcin was purified and sequenced from its natural venom in the current study. Multiple sequence alignment tool Clustal Omega was used to align the calcin sequences and analyze their identity. Evolutionary history, using the "minimum evolution" method (Kumar, 1996) , was conducted in MEGA 5.2 (Tamura et al., 2011) . The evolutionary distance (ED) was computed using the Poisson correction method starting from the assumption that the rate of amino acid substitution at each site follows the Poisson distribution. Physical and chemical characterization, net charge versus pH plots, and hydrophobicity plots were analyzed by ProtParam, WebLab, ViewerPro, and the online peptide calculator (http ://www .chinapeptides .com /tool .php ?isCalu =1) in their corresponding functions. The secondary structures were analyzed by Ramachandran plots according to the structure of imperacalcin (MMDB ID: 23273), which was first resolved by NMR (Lee et al., 2004) . Similarly, using imperacalcin as template, three-dimensional simulation was performed by Swiss-PdbViewer 4.1.0 with the mutagenesis function following the minimum energy principle. Discovery Studio 3.5 was used to display the modeling molecules. Solvent-accessible polar surface area (PSA) for each calcin was calculated by using the molecular visualization program PyMOL (DeLano Scientific), and the dipole moment (DM) was analyzed by the online Protein Dipole Moments Server.
Statistics
Statistical analyses were performed by using either the computer software program Origin (version 9.0) or SigmaStat computer software (version 5.0; Rockware Inc.). Data are presented as the mean ± SEM. Data were compared using a one-way ANO VA. Differences of P < 0.05 between sample means were considered significant.
Online supplemental material Fig. S1 shows the backbone structure of the eight calcins. Fig. S2 shows the dose-response effect of imperacalcin on single RyR channel kinetics. Table S1 lists the amino acid composition of all eight known calcins. Online supplemental material is available at http ://www .jgp .org /cgi /content /full /jgp .201511499 /DC1.
R E S U LT S
Isolation and primary structure determination of vejocalcin
Initial fractionation of soluble venom from V. mexicanus by HPLC separated >60 different components ( Fig. 1 A) . The fraction eluting at 20.96 min (vejocalcin) was further purified in an analytical C18 reverse-phase column, yielding the component of interest ( , which corresponds well with the experimental value of the native peptide. We have termed this peptide according to the genus of the scorpion and their great similarity to other peptide members of the calcin family (see Fig. 2 ).
Amino acid sequence alignment and evolutionary analysis of the calcin family Fig. 2 A shows the amino acid sequence of all peptide members of the calcin family known to date. All calcins are made up of 33 amino acids, except hadrucalcin, which prolongs its N terminus by adding Ser and Glu for a total of 35 residues. Six cysteines are highly conserved and may be used for precise alignment of these peptides; i.e., the number of residues interspaced between cysteines is identical for all calcins. Determination of disulfide bonds in maurocalcin (Mosbah et al., 2000) and imperacalcin (Lee et al., 2004) indicates that the pairings Cys , is relatively conserved among calcins (there are only nine variations in a total of 152 amino acids; 13 columns of amino acids are identical). Thus, by primary sequence analysis only, one might be tempted to estimate the hierarchical role of calcins domains, with the C-terminal half playing a prominent role based on high similarity. However, this hierarchy may turn equivocal because the overall variation of calcins is relatively minor, with identity descending only to 78.8% in the case of hadrucalcin. Also, as will be shown in three-dimensional representations of calcins, variable segments may intertwine with highly conserved segments, breaking up what may be considered "canonical" domains.
Fig. 2 C shows the evolutionary relationship of the calcin family obtained with the minimum evolution method. The evolutionary value was determined with the Poisson correction method, where 0 and 1 represent identity and divergence, respectively, between two molecules. Opicalcin 2 is naturally the closest to opicalcin 1 (only one residue different) with ED value = 0.015. In the middle, imperacalcin, hemicalcin, and maurocalcin display a similar ED to opicalcin 1 (0.065), followed by vejocalcin with ED = 0.123. Urocalcin and hadrucalcin are the farthest and hence the most divergent among calcins; yet the ED is still small, with maximal ED = 0.142, indicating that the ancestor of this family of peptides is relatively close to these eight known calcins.
Physicochemical features of calcins
The molecular mass of calcins ranges from 3,758.5 D (imperacalcin) to 4,190.8 D (hadrucalcin) , whereas the molecular volume falls between 2,692.7 Å 3 (vejocalcin) and 3,001.9 Å 3 (hadrucalcin; Table 1 ). As for the composition of amino acids ( Fig. 2 and Table S1), positively charged residues Lys and Arg are abundant and range from 9 (27%) for vejocalcin to 13 (39%) for urocalcin. Conversely, negatively charged residues Asp and Glu are sparse, ranging from three (9%) for vejocalcin to five (14%) for hadrucalcin. This high positive/negative amino acid ratio gives calcins high isoelectric point (pI = 9.3-10.1) and net positive charge at pH 7.0 that ranges from 5.8 (vejocalcin) to 8.7 (urocalcin) . By the same token, the richness of charged residues determines the excellent solubility in water of calcins (hydrophilicity = 0.7-1.2) despite the fact that they are membrane permeable and should intuitively be hydrophobic in nature. However, as is the case for most membrane-permeable peptides, hydrophilicity and membrane permeability may be oddly compatible. The most notable deviation from the group is vejocalcin, which holds the lowest pI (9.3), poorest hydrophilicity (0.7), and least positive charges at pH 7.0 (5.8). On the other extreme, urocalcin has the highest number of positively charged residues (13) and the highest pI (10.1), is the most hydrophilic (1.2), and holds the most charges at pH 7.0 (8.7; Table 1 and Fig. 3 , A and B). As we will discuss, both extremes turn out to be detrimental for receptor affinity.
Secondary and spatial structures of the calcin family of peptides
The three-dimensional structures of maurocalcin (Mosbah et al., 2000) and imperacalcin (Lee et al., 2004) have been determined by 1 H-NMR. We used their structural templates and modeled the six remainder calcins as described in Materials and methods (only imperacalcin-modeled structures are presented; similar results were obtained using maurocalcin as a template). All calcins are predicted to fold into an ICK motif, whose defining features include the presence of three disulfide bridges along with sections of polypeptide between them forming β strands. In the case of calcins, the first ( ) disulfide bond passes across, forming a knot (hence the term cysteine knot; Fig. 4 and Fig. S1 ). Accordingly, calcins contain three β strands and one α helix interspaced between β strands 1 and 2 (βαββ). β strands 2 and 3 form an antiparallel sheet ( in vejocalcin, thus reducing its propensity to form β strand 2). The ICK motif confers to these peptides a globular, highly stable structure that is likely responsible for their resistance to heat denaturation and proteolysis. Despite their coiled, compact globular structure, the solvent-accessible PSA of calcins is relatively high, owing to their abundance of negatively and positively charged residues, ranging from 2,721 Å 2 (imperacalcin) to 2,965 Å 2 (urocalcin). Hadrucalcin breaks into the PSA >3,000 Å 2 because of its additional N-terminal polar amino acids Ser and Glu, which stick out prominently from the main protein core (Fig. 4 H) .
Another distinguishing feature of calcins is their segregated arrangement of charged residues, where most of the positively charged amino acids are clustered in one side of the molecule, whereas neutral and negatively charged residues crowd the opposite side (Fig. 4) , generating a discrete DM. The best examples of this segregated electrostatic distribution are imperacalcin (Fig. 4 A) , opicalcin 1 (Fig. 4 B) , and opicalcin 2 (Fig. 4 C , whereas the "dorsal" side presents only neutral and acidic residues, creating a largely negative sector that is electrically countered only in the flanks by basic residues. On the other extreme, vejocalcin (Fig. 4 F) and hadrucalcin (Fig. 4 H) exhibit the smallest charge segregation, with DM = 40 and 65 D, respectively. In these calcins, disruption of basic clusters by neutral and acidic residues in the frontal side of the molecules and, conversely, encroachment of basic residues in the negative sector of the dorsal side contribute substantially to equalize the spatial distribution of electrical charges. Interestingly, imperacalcin and hadrucalcin both penetrate isolated ventricular myocytes and induce intracellular Ca 2+ release with comparable kinetics (Schwartz et al., 2009; Gurrola et al., 2010) , indicating that a large DM is not required for calcins to enter cells and exert their pharmacological effect. We tested direct interaction of calcins with RyR1 using [ 3 H]ryanodine binding assays to determine whether DM is instead related to calcin affinity for RyRs (see next section). We compared side by side the property of all eight calcins to stimulate [ 3 H]ryanodine binding to RyR1, the skeletal isoform of RyRs (Fig. 5) and contrasted their effect with that of caffeine. Imperacalcin, the founder member of the calcin family, was discovered by its capacity to activate [ 3 H]ryanodine binding to RyR1 (Valdivia et al., 1992) . Three other calcins have since been characterized, namely, maurocalcin, hemicalcin, and hadrucalcin (Zamudio et al., 1997; Fajloun et al., 2000; Shahbazzadeh et al., 2007; Schwartz et al., 2009) Fig. 5 B) . The apparent K d surprisingly spanned ≈3 orders of magnitude, with the following ranking order (nM): opicalcin 1 0.3 ± 0.04 > opicalcin 2 3.2 ± 0.4 > vejocalcin 3.7 ± 0.4 > hemicalcin 6.9 ± 0.7 > imperacalcin 8.7 ± 0.9 > hadrucalcin 14.8 ± 1.9 > maurocalcin 26.4 ± 3.9 >> urocalcin 376 ± 45 (mean ± SEM; n = 3-5). Especially remarkable are opicalcin 1 and opicalcin 2 , which differ by only one amino acid (the highly conserved Thr 26 is replaced by Ala in opicalcin 2 ), yet they display an ≈10-fold difference in K d . An identical replacement in synthetic imperacalcin also decreases its K d by ≈10-fold , indicating that Thr 26 forms part, or is close to, the active site of calcins. Another notable deviation is urocalcin, with the lowest K d of all calcins but with multiple variations in apparently key domains of calcins (see Discussion).
We also tested the effect of calcins over a wide range of [Ca 2+ ] to determine how they affect the Ca 2+ -dependent activation and inactivation of RyR1 (Fig. 5, B-E) . Specific binding in the absence of calcins (Fig. 5 B, control, black squares) had a threshold for detection at 100 nM [Ca 2+ ] (pCa 7) and was maximal at 10-100 µM [Ca 2+ ] (pCa 5-4). Higher [Ca 2+ ] decreased binding. This dual effect of Ca 2+ gave rise to a typical bell-shaped ])), where B = specific binding, B max is the maximal amount of binding (normalized to 100% in the absence of calcins), and K a (558 ± 116 nM) and K i (389 ± 86 µM) represent the apparent affinity of Ca 2+ to an activation and inactivation site, respectively. In the presence of a near-saturating concentration of calcin (3 µM for urocalcin and 100 nM for the remainder calcins), the binding curve was also bell-shaped, but it was dramatically augmented in absolute values (Fig. 5 B) . In general, the augmentation of [ ], the threshold for activation decreased to ≈pCa 8, and the optimal binding shifted to ∼pCa 5. Thus, for all calcins except vejocalcin, K a was lower than control and ranged between ∼50 and 530 nM [Ca 2+ ], indicating that calcins potentiate the activating effect of Ca 2+ on RyR1 (Fig. 5, C-E) . Conversely, more [Ca 2+ ] was required to inactivate RyR1 in the presence of calcins; thus, K i was invariably lower than control, ranging from 0.42 ± 0.05 (vejocalcin) to 5.52 ± 0.64 (urocalcin) mM [Ca 2+ ]. In contrast, 3 mM caffeine increased almost exclusively the ascending limb of the curve, i.e., it "sensitized" RyRs to activating Ca 2+ ( Fig. 5 B) ; hence, K a is exclusively affected with negligible effect on K i (Fig. 5 C) (Lee et al., 2004) , was taken as the template molecule. (B-H) Other calcins, including opicalcin 1 (B), opicalcin 2 (C), maurocalcin (D), hemicalcin (E), vejocalcin (F), urocalcin (G), and hadrucalcin (H), were simulated by Swiss-PdbViewer 4.1.0 and viewed by Discovery Studio 3.5. Solvent-accessible PSAs were calculated using PyMOL, whereas DMs were analyzed by the online Protein Dipole Moments Server. For each calcin, the solid ribbon with line atom model may be found in Fig. S1 , and the charged CPK model with frontal side (middle) and dorsal side (right) are displayed here. Positively charged residues (Lys and Arg), negatively charged residues (Asp and Glu), and neutral residues are colored by blue, red, and gray, respectively. 
Single channel recordings
To further investigate the functional properties of calcins, we reconstituted RyR1 channels in planar lipid bilayers and determined the effect of calcins on single channel gating. Because a full description of the imperacalcin effect on single RyR1 channel gating has already been provided (Tripathy et al., 1998) , followed by isolated accounts on maurocalcin (Mosbah et al., 2000) , hemicalcin (Shahbazzadeh et al., 2007) , and hadrucalcin (Schwartz et al., 2009 ) effects also on the RyR1 channel, our main goal here was to compare the amplitude of the subconductance state induced by each calcin under identical experimental conditions and to relate this effect to their physicochemical characteristics (Fig. 6) . Because the probability of calcin binding to RyR1 is P o and voltage dependent (Tripathy et al., 1998) , we conducted experiments at "P o -clamped" conditions (by fixing [Ca 2+ ] at quasi-optimal levels) and positive holding potential (40 mV), which favor the natural (lumen to cytosol) flow of ions through RyRs. Under these conditions, control (no calcin) RyR1 channel recordings showed the characteristic fast-flickering (mean open time 1-3 ms), low P o (0.03-0.15), and high-conductance (≈600 pS) gating, with occasional sojourns to native subconducting states that were barely noticeable in the current amplitude histogram (Fig. 6 A) . There were also bursts of high P o , reflecting the characteristic intermodal gating of all RyR isoforms (Rosales et al., 2004) . Calcins (100 nM each) all interacted with RyR1 and induced a "signature" event, consisting of long-lasting, reversible, transient subconductance state. However, fractional conductance of the calcin-induced event differed for each peptide. Opicalcin 1 (Fig. 6 B) and opicalcin 2 (Fig. 6 C) induced subconductance states corresponding to 0.35 and 0.40 of the full-conductance level, respectively. Imperacalcin (Fig. 6 D) , maurocalcin (Fig. 6 E) , and hadrucalcin (Fig. 6 F) induced substates of fractional value that are in good agreement with those previously reported, i.e., 0.30 (Tripathy et al., 1998) , 0.48 (Fajloun et al., 2000) , and 0.35 (Schwartz et al., 2009 ) of full conductance state, respectively. However, the subconducting state induced by hemicalcin (Fig. 6 G) was only 0.20 in our hands, which is lower than the 0.38 value previously reported (Shahbazzadeh et al., 2007) . The subconductance position induced by vejocalcin was the highest, with a value of 0.60 (Fig. 6 H) . In contrast, urocalcin induced a subconductance state = 0.55, but in line with its low affinity in [ 3 H]ryanodine binding assays (Fig. 5 A) , it was difficult to detect it at concentrations similar to the other calcins (100 nM), so we increased its concentration to 1 µM (Fig. 6 I) in this assay.
To better ascertain whether calcins bind exclusively to the open state of the RyR, as postulated before (Tripathy et al., 1998; Lukács et al., 2008) , we performed additional single channel experiments using increasing and nonsaturating concentrations of imperacalcin and examined (a) the probability of substate conductance, (b) the mean open and mean closed times of the channel in "bursting mode" (calcin-free), and (c) the mean duration of the subconductance state (calcin dwelling time). Fig. S2 A shows representative single RyR1 channel recordings in the presence of 5, 30, and 100 nM imperacalcin, and Fig. S2 C shows the probability of substate occurrence (P substate ) as a function of [imperacalcin] . The data can be fitted by a hyperbolic function, and a Lineweaver-Burk plot (not depicted) indicates that the data fit Michaelis-Menten-type kinetics with a maximal P substate close to 1.0 and a K d = 12 nM (in very close agreement to the [ 3 H]ryanodine binding assay of Fig. 5 A) . Mean open and mean closed times of the channel in bursting mode or those in the "calcin mode" (obtained by exponential fits of the bursts in the fully conducting or subconducting channel, respectively) were not significantly modified by [imperacalcin] , indicating that the kinetics of gating of the calcin-free channel remain impervious to [imperacalcin] as expected and, more importantly, that the dwelling time of impera calcin is also unaffected by [imperacalcin] . Thus, a simplified scheme emerges, in [imperacalcin] and corresponds to a process governed exclusively by the intrinsic properties of calcin binding to the channel. Because the off reaction is the same at low and saturating concentration of imperacalcin, this strongly suggests that, at least within the range of [imperacalcin] tested, the process is unimolecular, that is, only one calcin dissociates from the channel after inducing the substate. Thus, we favor the notion that only one calcin molecule is required to exert the "signature effect" of these group of peptides.
We also analyzed single channel recordings and visually inspected each of 48 calcin-induced subconductance states in the channel of 3 H]ryanodine binding was standardized with the value of the control at pCa5 as 100%. (C-E) Radar charts illustrating the effect of calcins on K a , K i , and maximal amplitude (A max ; percentage of stimulation with respect to control). The black line corresponds to control (no calcin) and is included in all charts for reference. Caffeine (C, dashed line) moves K a but has little effect on A max and no effect on K i . This effect contrasts with that of calcins (C-E, color lines as indicated), which affect K a , K i , and A max .
nel, whereas a flat line with linear regression coefficient = 0 would be expected if none of the subconductance transitions occurs from and to open channel. Results (Fig. S2 D) vesicles in the system were loaded to full capacity (Fig. 7 A) . We then added each calcin and tested their ability to elicit Ca 2+ release. Fig. 7 A shows a typical trace in which cumulative addition of imperacalcin elicits gradual Ca 2+ release from SR vesicles. Addition of 10 nM imperacalcin produced initially modest Ca 2+ release, but a second bolus that elevated imperacalcin to 20 nM elicited sharp Ca 2+ release, and further imperacalcin additions yielded little additional release (Fig. 7 A) . Addition of the Ca 2+ ionophore A23187 (5 µM) to the reaction mixture indicated that imperacalcin released a fraction, only, of the total amount of Ca 2+ trapped into the SR vesicles (≈70%; Fig. 7 C) . Fig. 7 B show that this capacity of imperacalcin to release Ca 2+ in a sharp, stepwise manner once a critical concentration has been reached, followed by incomplete emptying of the SR Ca 2+ load at higher concentration, is a general property of all calcins (except urocalcin, see Fig. 7 C) . Not surprisingly, the threshold for sharp Ca 2+ release was the lowest for opicalcin 1 (2.1 ± 0.1 nM), followed by maurocalcin (6.6 ± 0.5 nM), imperacalcin (11.7 ± 0.6 nM), hadrucalcin (11.8 ± 0.4 nM), vejocalcin (31.0 ± 0.6 nM), opicalcin 2 (64.2 ± 5.5 nM), hemicalcin (68 ± 1.7 nM), and urocalcin (unable to release Ca 2+ at concentration up to 1 µM). Thus, with the notable exception of opicalcin 2 , calcins elicit Ca 2+ release with roughly the same ranking order exhibited in [
3 H]ryanodine binding experiments. Fig. 7 C shows that the total Ca 2+ released by 100 nM calcin varied between 45% (hemicalcin) and 67% (opicalcin 1 ).
D I S C U S S I O N
In this study, we present all native calcins known to date, including one novel (vejocalcin) and three previously uncharacterized (opicalcin 1 , opicalcin 2 , and urocalcin) peptides, and make a systematic, side by side comparison of their structural and functional attributes using an array of experimental ([ 3 H]ryanodine binding, Ca 2+ release, and single RyR1 channel) assays, as well as bioinformatics analysis and three-dimensional modeling. Calcins are a relatively novel family of small (∼3.7-4.2 kD), highly basic (pI = 9.3-10.1), compact peptides from scorpion venoms that target RyRs with high affinity and exquisite selectivity (no other targets known to date). Their remarkable stability is due to the fact that they fold along an evolutionarily conserved structural motif consisting of a triple-stranded, antiparallel β sheet stabilized by a ring formed of three disulfide bonds, known as an ICK motif. The ICK motif has been found in snail and spider toxins blockers of Ca 2+ channels (Zhu et al., 2003) , but not in other classes of scorpion toxins known to date (Na + channel modifiers, K + channel blockers, antimicrobial peptides, defensins), underscoring the unique arrangement of calcins among scorpion peptides. Primary sequence alignment and evolutionary analysis show a very close relationship among calcins, yet their natural variability yields peptides with binding affinity spanning ≈3 orders of magnitude, highlighting the importance of discrete domains in their interaction with RyR1 channels. We also show that the defining functional characteristic of all calcins is their capacity to stabilize RyR1 openings in a long-lasting subconducting state. This effect is nearly analogous to that of ryanodine, but unlike ryanodine, calcins rapidly bind to RyR1 channels and freely dissociate from their binding site (reversible effect), displaying a dose-and sequence-variable effect. Finally, although not assessed in this study, others Boisseau et al., 2006) and we (Schwartz et al., 2009; Gurrola et al., 2010) have shown that, despite their highly ionized nature, calcins may penetrate cellular membranes, reach their intended target, and elicit Ca 2+ release with several degrees of potency. Thus, this is a comprehensive study of calcins as a group of RyR-specific, cell-penetrating peptides (CPPs) that mobilize Ca 2+ from intracellular stores with high dynamic range.
Ryanodine and calcins may bind independently and simultaneously to RyRs
It is well established that ryanodine binds to a conformationally sensitive (open) state of the RyR, so that the simplified Scheme 1, where C is closed, O is open, and O·Ry is the ryanodine-bound and subconducting state of the RyR, correctly describes the main kinetic steps of the reaction. A pertinent question here, however, is whether [
3 H]ryanodine may properly monitor the binding of calcins given that they appear to bind to the same binding site in the RyR because of their highly similar effect. Ryanodine and calcins do bind to independent and nonoverlapping binding sites in the RyR, as indicated by the fact that addition of imperacalcin to ryanodine-modified RyR produces a calcin-induced substate of the ryanodine-modified substate (Tripathy et al., 1998) , and hence, [ 3 H]ryanodine binds at half of B max , there should be approximately a twofold (100%) maximal increment of binding by a given agonist. Why, then, do calcins increase maximal binding to 300-500% above control? The most likely explanation is that they increase the "openness" of the channel above and beyond what Ca 2+ alone is capable of doing. The calcin-induced substate of long duration promotes more effectively the binding of [ ]ryanodine binding assays here suitably reported this combined interaction. However, a caveat is that by using [Ry] at a concentration equal to its K d , we impose the equality P(O) = P(O·Ry) (where P(O) and P(O·Ry) are occupancies or probabilities of the corresponding states). Thus, the value of bound Ry relative to a well-determined B max should then be a direct measure of P(O). This could be different from the probability of opening as observed in reconstituted RyR channels and constitutes a limitation of our binding approach.
(Scheme 2)
Primary sequence and natural variations
Previous studies have addressed the effect of artificial mutations on calcins' properties, i.e., alanine scanning on imperacalcin (Lee et al., 2004) and selected monosubstitutions on maurocalcin (Mabrouk et al., 2007) . Here we examined nature's own experimentation that includes subtle (and others seemingly drastic) mono-, di-, and multi-variations from an apparently common pattern of design. Comparison of calcins' primary sequence permitted discernment of some of their most salient structural attributes and unique domains among scorpion peptides (Fig. 2) . First, six highly conserved cysteines serve as the framework to flawlessly align calcins, with an identical number of amino acids interspaced between cysteines (no need to introduce gaps or delete residues to maximize homology). 1 H-NMR of maurocalcin (Mosbah et al., 2000) and imperacalcin (Lee et al., 2004) confirmed that these cysteines are oxidized in the mature peptide and form disulfide bonds with the precise pairing Cys . Maintenance of this disulfide-bonded core is essential not only to support the ICK motif, the signature folding of this family of scorpion peptides, but improperly paired or linear (disulfide-less) peptides are pharmacologically inert (Zamudio et al., 1997; Lee et al., 2004; Ram et al., 2008) , indicating that the disulfide bonds buttress the tertiary structure that forms the cal-cins' active site. Second, an abundance of basic amino acids is another remarkable feature of calcins (Figs. 2 A and 4). All peptides in this group are composed of at least 27% (vejocalcin) and as much as 39% (urocalcin) of positively charged amino acids. In the linear sequence, these basic residues (bolded) appear in three main clusters, namely, . Notice how cysteines (C) "break" the continuity of basic residues in the clusters, perhaps not fortuitously, because the disulfide bonds that they form will "pull" together these residues in the tertiary structure (Fig. S1 ), contributing to expand even more the size of the clusters. Except for relatively rare exceptions, clusters 2 and 3 are remarkably conserved, stressing the prominent hierarchy of these motifs, whereas cluster 1 is interrupted by Leu or Gln in five out of eight calcins, also suggesting a lesser structural rank for this cluster. Indeed, in the first mutational study performed on calcins, we found that the mutation R23E, at the heart of cluster 2, completely abolished the capacity of imperacalcin to stimulate [ 3 H]ryanodine binding and Ca 2+ release and to induce subconductance states in RyR1 , an effect that was also observed with an even milder mutation (R23A) in imperacalcin (Lee et al., 2004) and maurocalcin (Chen et al., 2003; Lukács et al., 2008) . In contrast, mutation K8E in imperacalcin had only modest effects , supporting the notion that cluster 1 plays a lesser role in the calcinRyR1 interaction. Gurrola et al. (1999) was structurally similar to a segment of peptide A of the α1 subunit of the DHPR1 that was presumed to interact directly with RyR1 in the excitation-contraction coupling of skeletal muscle (Saiki et al., 1999) and showed that the mutation T26A decreased the affinity of imperacalcin by 10-fold. Although the participation of peptide A in excitation-contraction coupling is debated today, several studies have found a mechanism of activation of RyR1 that is common to peptide A and calcins (specifically, imperacalcin [Dulhunty et al., 2004] and maurocalcin [Chen et al., 2003] ), again underscoring the importance of cluster 2 as integral part of calcins' active site. The latter most likely encompasses Thr26 also, as in the present study we demonstrate that opicalcin 1 and opicalcin 2 , which differ only by one amino acid (T26A), display a 10-fold difference in affinity. However, it is unlikely that the calcins' active site is wholly contained in cluster 2 and Thr26, as the three-dimensional model of calcins clearly shows that cluster 3 intertwines with cluster 2 to form a "mega-cluster" of basic residues that crowds the lower end of the frontal face of calcins and is largely responsible for its highly positive charge (Fig. 4) . In support of cluster 3 participation in the calcin-RyR1 interaction, Ala substitutions of K30, R31, and R33 drastically decreased the affinity of imperacalcin for RyR1 (from 28 to >1,000,000 nM [Dulhunty et al., 2004] ). Again, in sharp contrast, cluster 1 residues populate the upper end of the molecule and are more prominent on the flank of the dorsal face (Fig. 4) , apparently far from the residues of clusters 2 and 3 whose substitution dramatically decreases the affinity of calcins. Overall, then, clusters 2 and 3 appear of primordial importance for calcin interaction with RyRs by means of their coalescing into a single mega-cluster of positive charges in one face of the peptide. Because electrostatic interactions govern the calcin-RyR1 interaction (Tripathy et al., 1998) , it is likely that this mega-cluster forms a cloud of positive charges that interacts with negatively charged residues in RyRs.
Thus, in general terms, the calcin sequence can be roughly split in half to yield a highly variable N-terminal segment ( ). Previous studies on imperacalcin (Lee et al., 2004) and maurocalcin (Mabrouk et al., 2007) have shown that, as a general rule of thumb, mutations affecting positively charged residues dramatically decrease or even abolish [ 3 H]ryanodine binding, whereas mutations affecting negatively charged residues slightly increase the affinity of these calcins. Mutations of neutral residues can increase, decrease, or have no significant effect (Lee et al., 2004; Mabrouk et al., 2007) . However, examination of the array of calcins presented here reveals more nuances and complexity in this general rule. For example, let's compare the primary sequences of opicalcin 1 and urocalcin (Fig. 2) , the calcins with the highest (∼0.3 nM) and the lowest (∼300 nM) affinity for RyR1 (Fig. 5) , to attempt rationalization of their wildly diverse pharmacological potency. Urocalcin presents the natural substitutions R9L (cluster 1) and K20S (cluster 2), which according to the general rule and our discussion above should separately have modest and major effects, respectively, on binding affinity, and their combined presence might explain the drastic reduction of urocalcin's affinity. However, similar substitutions are present in vejocalcin (R9L in cluster 1 and K22S in cluster 2), and yet its K d is 3.7 ± 0.4 nM, which is as high as that of opicalcin 2 . In fact, a third substitution in cluster 3 (K30Q) should theoretically decrease the affinity of vejocalcin even more than that of urocalcin. Obviously, simply following the rule of thumb will not predict the degree of affinity change brought about by a set of mutations, even if they occur at domains that are presumably part of the active site. Instead, it seems that a more comprehensive approach must be followed to ascertain the role of substitutions that appear innocuous in the calcins' landscape. What is peculiar about urocalcin (compared with opicalcin 1 ) is not only the substitutions of critical residues in clusters 1 and 2 but also the presence of four additional basic residues in the N-terminal half of the molecule (Fig. 2) . Intuitively, these extra positive charges should have resulted in a superior calcin following the rule of thumb, but analysis of their three-dimen-sional arrangement (Fig. 4 G) shows that they all protrude in the upper end of the frontal side of the molecule and intertwine with hydrophobic residues to dissipate a hydrophobic core that dominates this part of most calcins. Hence, an integral approach that considers variations in domains established to play primordial roles in receptor recognition (clusters 2 and 3) plus evaluation of the calcin's overall amphipathicity (integrity of its hydrophobic and hydrophilic cores) are among the structural features that should be considered in the rational design of competent calcins.
DM of calcins
In addition to the signature ICK motif folding promoted by the three highly conserved disulfide bridges, a marked anisotropy of electrostatic charge distribution, where most of the positively charged residues are segregated in one end of the molecule, appears as a prevalent feature in the calcin family of peptides. This coalescence of basic residues presents a large functional surface area to interact with the RyRs (Mosbah et al., 2000; Lee et al., 2004) and generates a discrete DM. In principle, DM could be related to binding affinity because a larger DM could imply larger surface area to interact with RyRs, but other possibilities could undermine this relationship. In this study, we found that opicalcin 1 , opicalcin 2 , and imperacalcin have similar DM values, but the affinity of opicalcin 1 is 10.7-fold and 29-fold higher than that of opicalcin 2 and imperacalcin, respectively. Also, vejocalcin, which lacks the positively charged residues K22 and K30 (K22S and K30Q, instead) in the predicted functional face of calcins, has the smallest DM (40 D) but similar activity as opicalcin 2 , which presents the largest DM (175 D). Hadrucalcin, whose relatively small DM (65 D) is mainly the result of an increase of positively charged residues in the nonfunctional face, still has strong affinity for RyR1 (14.8 ± 1.9 nM), whereas urocalcin, which also scatters its positively charged residues to the upper end of the frontal face of the molecule and thus decreases its DM value (102 D), has the weakest affinity for RyR1 (376 ± 45 nM), over 1,000-fold lower than that of opicalcin 1 and 25-fold lower than that of hadrucalcin. Thus, there appears to be no correlation between DM and affinity, and a plot of DM values versus K d (as determined in [ 3 H]ryanodine binding assays) yields a correlation coefficient r 2 = 0.15 (Fig. 8 A) , indicating that DMs or electrical amphiphilicity is not associated with the interaction with RyRs. In support of this conclusion, d-maurocalcin, a chiral analogue of maurocalcin composed of d-amino acids (instead of l-amino acids) that has identical charge distribution as the parent maurocalcin, completely loses the ability to stimulate [ release (Poillot et al., 2010) . Thus, simply characterizing the calcins by charge anisotropy or electrical amphiphilicity is insufficient to formulate a model of calcinRyR1 interaction, and the spatial conformation of calcins also plays as critical a role as the aggregation of positively charged residues in the calcin-RyR interacting process.
Single channel effect and mechanism
Several calcins have been tested on single RyRs, but a mechanistic understanding of their common biophysical effect has been mainly derived from experiments with imperacalcin (Tripathy et al., 1998) and maurocalcin (Lukács et al., 2008) . When added to the cytosolic side of the channel, imperacalcin induces voltage-and concentration-dependent subconductance states in both skeletal and cardiac RyRs. Analysis of voltage and concentration dependence and kinetics of substate formation suggests that induction of subconductance states corresponds to reversible, voltage-dependent binding and unbinding of imperacalcin at a single site located at ∼23% of the voltage drop from the cytosolic side (Tripathy et al., 1998) . The mechanism of substate formation by imperacalcin is not entirely clear, but several scenarios are applicable to calcins in general: steric mechanisms (i.e., calcin binding to residues within the ion conduction pathway to restrict ion flow), allosteric mechanisms (i.e., calcin binding to a site distant to the conduction pathway and altering the shape or charge of the RyR's conduction pathway), and a combination thereof. However, because imperacalcin accesses its binding site by entering the channel through a cytosolically accessible opening (Tripathy et al., 1998) , we favor a mechanism whereby calcin reaches its binding site located in the SR membrane-adjacent ion conduction pathway by entering the channel through a vesti- bule's pore with a diameter ≥2.5 nm (the diameter of globular imperacalcin). Our data do not allow us to discard any of the mechanisms above, but interestingly, recent near-atomic resolution of the three-dimensional structure of RyR1 reveals an opening of ∼5 nm in the center of the channel, most precisely in the convergence of the N-terminal domains that form part of the most external layer of the channel facing the t-tubules (Efremov et al., 2015; Yan et al., 2015; Zalk et al., 2015) , thus evidencing the existence of a wide vestibule in the cytosolic side of the RyR1. Accordingly, we favor the notion that globular calcins, all with surface diameter ≤3 nm, induce their characteristic subconductance state by entering the channel through this cytosolic opening and accessing their binding site deep in the core of the channel. This possibility needs to be tested experimentally.
In an alternative scenario, Samsó et al. (1999) , using cryo-electron microscopy and three-dimensional single-particle image analysis, found that imperacalcin binds to a cytoplasmic crevice in each RyR1 subunit (four binding sites/channel tetramer) located near the calmodulin-binding site and far (<11 nm) from the center of the transmembrane region of the channel (Samsó et al., 1999) , supporting an allosteric mechanism of action of imperacalcin as opposed to the mechanism of direct positioning of the peptide within the ion conduction pathway. It is worth noting, however, that the cryo-electron microscopy experiments of Samsó et al. (1999) required imperacalcin covalently bound to biotin, which subsequently bound to streptavidin-coated gold particles to facilitate localization of this ligand in single channel images and that these additional tags increased the surface area of imperacalcin, probably beyond the maximum allowed to enter the vestibule of the channel and reach the binding site described above. In other words, the imperacalcin-biotin-streptavidin complex could have been too bulky to have accessed the binding site within the ion conduction pathway that we believe induces the signature subconductance state.
Instead, we favor the notion that imperacalcin-biotin-streptavidin likely bound to a secondary and external binding site (the crevice described in the previous paragraph) that is also accessed by peptide A Chen et al., 2003; Dulhunty et al., 2004; Altafaj et al., 2005) . Only by binding to external sites of the RyR1 (one for each monomer) does the idea that imperacalcin and peptide A mimic a segment of the DHPR1 that interacts with the RyR1 during e-c coupling appear to make sense. In this scenario, occupancy of these external binding sites could activate the RyR1, but induction of the characteristic subconductance state described here appears unlikely because the latter follows the rules of a bimolecular reaction (one calcinone channel) and requires proximity to the SR-adjacent voltage drop of the channel (Tripathy et al., 1998 ).
Regardless of their precise mechanism of action, the reversible, concentration-and voltage-dependent, long-lasting subconductance state constitutes the signature effect of calcins on RyRs, and this substate has been measured up to now for imperacalcin (Tripathy et al., 1998; Gurrola et al., 1999) , maurocalcin (Fajloun et al., 2000; Chen et al., 2003) , hemicalcin (Shahbazzadeh et al., 2007) , and hadrucalcin (Schwartz et al., 2009) , with fractional values of the full conductance state corresponding to 0.35, 0.48, 0.38, and 0.35, respectively. Here we report for the first time the fractional conductance induced by the remaining four calcins opicalcin 1 (0.35), opicalcin 2 (0.40), vejocalcin (0.60), and urocalcin (0.55; Fig. 5 ). Furthermore, in our experiments, the subconductance induced by hemicalcin was only 0.2 of full conductance, lower than that reported previously (Shahbazzadeh et al., 2007) and most likely caused by the rectifying conductance induced by the calcin (i.e., the proportion of the substate is lower at higher positive voltages [Tripathy et al., 1998 ]). Considering the high structural similarity among calcins, it is likely that they bind to RyR1 at the same site but engage the receptive amino acids with varying degrees of affinity because of the charge distribution and structural conformation that is unique to each calcin. An interesting example is urocalcin, whose subconductance is induced only at the cumulative dose of 1 µM or higher, with low frequency and short duration (<500 ms), indicating that urocalcin loosely associates to, and readily dissociates from, the calcin site in RyR1 (Fig. 6) . We also correlated the subconductance value with the binding activity and the ability to stimulate Ca 2+ release; however, no relationship is seen (Fig. 8 B) , suggesting that the capacity of calcins to stimulate [ 3 H]ryanodine binding and Ca 2+ release may be associated with the dwell time of the calcin in the RyR1 (mean duration of subconductance) rather than the fractional value of the substate, but more experiments are needed to confirm this. (Fig. 8 C) . This may be explained by the fact that Ca 2+ -induced Ca 2+ release (CICR) is a nonlinear process, with inherent self-reinforcing features and sensitive to total SR Ca 2+ load (Stern and Cheng, 2004) . Hence, once a calcin "traps" a critical number of RyRs in its specific subconducting state (a step dependent on calcin affinity), it will induce Ca 2+ release that in turn will induce more Ca 2+ release (a step independent of calcin affinity). Thus, the calcin-induced fractional Ca 2+ release (Ca 2+ released/total SR Ca 2+ content) will depend not only on the affinity of calcins for RyRs, but also in the self-amplifying nature of CICR and the amount of Ca 2+ load in the SR. Although the relationship affinity-fractional Ca 2+ release held as expected for the highest and weakest calcin, the assay was not sensitive enough to discriminate flawlessly for calcins of medium affinity. An interesting phenomenon that is not seen with other agonists of RyRs (i.e., caffeine or 4-chloro-m-cresol) is that calcin-induced Ca 2+ release will consistently be a fraction of the total SR Ca 2+ load; that is, a residual amount of Ca 2+ will remain in the SR vesicles even at saturating calcin concentration (Fig. 7) . The mechanism underlying this phenomenon is unclear but might be related to the property of calcins to induce a partial rather than a complete opening of RyRs, so that even when all RyRs are calcin-occupied, the total Ca 2+ flow out of the SR is limited by the subconducting value and may be in balance with Ca 2+ reuptake by the Ca 2+ pump. ) appearing essential for RyR1 pharmacology. At the single RyR1 channel level, calcins, unlike the effect of ryanodine, induce the appearance of a long-lasting but reversible subconductance state. This subconductance state is dose dependent and varies in amplitude for each calcin. Thus, the calcin family of peptides offers a diversified set of RyR ligands with the capacity to modulate RyRs in situ and with high dynamic range and potency.
